The anisotropy of magnetic susceptibility (AMS) is a physical property of rocks widely used in petrofabric studies and other applications. It is based on the measurement of low-field magnetic susceptibility in different directions along a sample. From this process several scalar properties arise, defining the magnitude and symmetry of the AMS ellipsoid, along with the magnetic foliation, namely the magnetic fabric. Imaging the sense of magma flow in dykes is an important task for volcanology; the magnetic fabric provides a fast and accurate way to infer this flow direction. Moreover, the AMS technique can be used in order to distinguish sills and dykes, a task that is almost impossible by using only field observations. Finally in the case of lava flows, the method can be applied to define the local flow conditions and to indicate the position of the "paleo" source region. However, this technique is quite new in Greece. Some preliminary results from volcanic formations of continental Greece and Southern Aegean are presented (Aegina, Almopia, Elatia, Gavra, Kos, Patmos, Samos, Samothraki and Santorini).
INTRODUCTION
The anisotropy of magnetic susceptibility (AMS) is a physical property of rocks widely used in petrofabric studies and other applications. This technique, combined with palaeomagnetism and rock magnetism can greatly contribute to volcanology by providing: (1) a correlation or dating tool; (2) a way of documenting the tilting and rotation of rocks; (3) a way of assessing the thermal history of rocks; and (4) a magma flow direction indicator (e.g. Ernst 1990 , McKenzie et al. 1992 , Tarling & Hrouda 1993 , Raposo & D'Agrella-Filho 2000 .
Petrofabric studies in volcanic rocks are difficult due to fine grain size and weak preferred orientation. The AMS efficiency in determining the internal structures, t.i. the flow plane and/or direction, of these rocks has been demonstrated in volcanic formations throughout the world (e.g. Dragoni et al. 1997 , Le Pennec et al. 1998 , Smith 1998 , Varga et al. 1998 , Archanjo et al. 2000 , Canon-Tapia & Pinkerton 2000 . The method favours great acceptance because: it exhibits high sensitivity, is non time-consuming and can be applied to a variety of formations -lava flows, pyroclastic deposits, ash and tuff flows, ignimbrites, sills and dykes.
METHODOLOGY

Sampling and measurement of AMS
Oriented drilled cores or hand samples are collected on the basis of access, freshness of material and presence of flow structures. The number and distribution of sites are determined by the nature of the studied formation, e.g. different sampling strategy for dykes and lava flows.
The magnetic susceptibility, k, represents the response of a body when it is inserted in a magnetic field, and is an intrinsic physical property of minerals. In rock samples and minerals, k, varies with the direction of measurement, and can be regarded at a first approximation, in low-field and low temperature, as a symmetrical, second rank tensor. Thus, it is geometrically represented by a triaxial ellipsoid of K1≥K2≥K3 major axes.
Laboratory measurement of the magnetic susceptibility is performed either by the Agico Kappabridge KLY-2/3/4 susceptibility bridges, or the Sapphire apparatus. Each anisotropy of magnetic susceptibility (AMS) measurement yields the magnitudes of the three principal orthogonal axes of the AMS ellipsoid, and their declinations and inclinations with respect to the geographical frame. The bulk magnetic susceptibility magnitude is given by eq. 1. The anisotropy degree (eq. 2), and the shape parameter (eq. 2) of Jelinek (1981) are the most commonly used scalar AMS parameters.
General character of AMS in volcanics
The magnetic anisotropy of volcanic rocks is derived from the viscous flow during their emplacement. Various studies (Khan 1962 , Bolshakov & Skorodkin 1967 , Le Pennec et al. 1998 , Zanella et al. 1999 showed that the degree of magnetic anisotropy in volcanic rocks is usually low, less than 10%, while the bulk susceptibility ranges according to the magnetic mineralogy, but most commonly is of the order of 10 -3 -10 -2 SI. The low anisotropy suggests that the orientation mechanism of ferromagnetic minerals is not very effective. Lava flows, dykes and sills have fabrics that tend to be more foliated than lineated, and since the foliation plane lies close to the flow plane, their minimum susceptibility axes are perpendicular to it. The predominance of foliation means that the maximum and intermediate axes commonly form a girdle on the stereographic projection (Fig. 1a) , or can be sometimes grouped either parallel or perpendicular to the flow direction ( Fig. 1b) (Khan 1962 , Ellwood 1978 . These relationships have been also observed in laboratory materials in which the magma flow was simulated (Wing-Fatt & Stacey 1966 , Dragoni et al. 1997 ).
APPLICATIONS
The method of anisotropy of magnetic susceptibility can be applied in various volcanic formations: dykes and sills, lava flows, pyroclastic flows, ignimbrites.
Dykes and sills
Dykes are primary conduits of magma formed in the mantle and emplaced into the crust by filling fractures created during an extensional stress regime. It is clear that the magma migrates upwards, however, the flow path may include lateral transport to great distances from the source. AMS data from chilled margins of dykes and other sheet-like intrusions can potentially yield the flow plane, the flow direction and even the flow sense (Knight & Walker 1988) . Determining magmatransport directions in dykes and/or sills is one of the most important steps forward in our understanding of magmatic plumbing systems. There are several case studies exhibiting this application (Rochette et al. 1991 , Archanjo et al. 2000 , Herrero-Berrera et al. 2001 , Gil et al. 2002 .
Standard sampling of dykes involves collection of samples from within 10 cm of the two chilled margins -minimum of six samples per each margin -because often the middle of the dyke has little to do with the direction of the flow (Staudigel et al. 1992 ). This applies especially in cases of dykes thicker than 1.5m, where the primary flow fabric is much more easily lost because the inner part of the structure is characterized by: (1) slower and less regular flow, resulting in poorly defined fabric, and (2) larger heat capacity, causing the magma to remain fluid for some time inside the already chilled margins. The basic principles of AMS interpretation of flow directions in dykes are shown in Figure 2 . In the ideal case, the K1 directions from the two margins are distinct and fall on either side of the dyke trace. The fact that the western margin data plot on the western side and the eastern margin data plot on the eastern side suggests that the flow was upwards. The orientation of the magnetic foliation can also be used to distinguish between different structures, e.g. sills and dykes, a task sometimes impossible simply by field observations (Halvorsen 1974) . In the case of sills the foliation planes are almost horizontal and similar to each other, while throughout a dyke swarm the foliation planes are distributed along various semi-vertical directions.
Lava flows
The application of the anisotropy of magnetic susceptibility technique in lava flows is more complicated than in dykes/sills because of two aspects. Firstly, the flow direction is less wellconstrained since the magma flows in an open environment, and secondly, there are no imbricated margins to provide directional information.
Generally, in lava flows a planar fabric with sub-horizontal K1, K2 axes is observed. However, flow planes and directions can be widely dispersed throughout the lava flow due to local flow conditions. A typical example can be seen in Figure 3 . This Quaternary lava flow of basaltic type can be clearly followed from the volcano to its toe. Where the flow was faster and possibly less viscous the fabrics are well defined (Fig. 3a) , whereas fabrics near the nose of the flow are poorly defined (Fig.  3b) due to more irregular flow or less alignment because of the slower speed and greater viscosity. Magnetic fabrics, apart from defining local flow conditions, can also be applied to determine the magma source of the lava flow. The flow path is inferred by the directions of maximum susceptibility axes, K1, which are pointing away from the volcanic centre. This approach is demonstrated in an example of MacDonald & Palmer 1990 ; magnetic fabrics helped to determine the sources of flows where these were uncertain (Fig. 3c) . If AMS is applied on Miocene or younger occurrences, by indicating the direction in which the magma source is located, it can help to assess the present-day volcanic hazards.
A noteworthy factor that must be taken into account when interpreting AMS data is the eruption environment of the flow. It has been suggested that the magnetic fabrics of subaerial lavas differ from those of subaquous flows (Ellwood & Fisk 1977 , Ellwood 1978 . The former commonly have a consistent fabric, while the latter are said to have more random fabrics (Ellwood 1978) . This difference may result from faster cooling rates, several chemical changes, and degassing phenomena caused by the presence of water during deep-sea eruptions.
Pyroclastic flows
The behaviour of pyroclastic rocks is more complicated, since deposition of the pyroclastic material and cooling may partially overlap. Moreover, the transportation and deposition can be highly variable ranging from concentrated and laminar flows to turbulent currents. However, many studies showed that pyroclastic flows have the ability to preserve in their fabric imprints of the flow direction during their emplacement, as well as information on the vent position (Knight et al. 1986 , Hillhouse & Wells 1991 , Seaman et al. 1991 , MacDonald et al. 1992 , Cagnoli & Tarling 1997 ).
The anisotropy of magnetic susceptibility depends on the anisotropy of each mineral grain and the spatial distribution of the grains within the rock. Thus, it is a powerful indicator of the preferred orientation of minerals and provides information about the processes leading to the transport and deposition of pyroclastic rocks. This approach was used by Zanella et al. (1999) , to study the emplacement dynamics of pyroclastic surge deposits from Vulcano (Aeolian Islands, Italy). The foliation planes were horizontal and well-defined, while in most sites the lineations were directed upflow towards the eruptive centre of the La Fossa caldera.
Ignimbrites
Studying the magnetic fabric of ignimbrites with known source areas, Ellwood (1982) illustrated the potential use of the anisotropy of magnetic susceptibility in these rocks in order to locate their sources. More recently the use of the AMS technique has been extended in undeformed ignimbrites, as a flow fabric delineator (Seaman et al. 1991 , Lamarche & Froggatt 1993 , Palmer et al. 1996 , Palmer & MacDonald 1999 . In a recent study by Wang et al. (2001) the magnetic anisotropy has been also used in order to check whether some stratigraphically and geochemically similar units originated from the same source.
AMS DATA FROM GREECE
The AMS technique has been applied in various volcanic formations of continental Greece and Southern Aegean: Almopia, Elatia, Gavra, Kos, Samothraki and Samos. Preliminary results of the above studies, together with existing published data from Greek volcanic rocks (Fig. 4) are presented here (Table 1) . In the majority of cases the magnetic fabric is well-defined with prevailing oblate ellipsoids (Fig.  5) . K3 axes, which are perpendicular to the magnetic foliation, range from vertical to semi-vertical, defining thus a sub-horizontal flow plane. K1 and K2 axes are either grouped, in semi-horizontal positions, or moving along the flow plane. The anisotropy degree is low, as expected for volcanic rocks, ranging from 3 to 8%, while the magnetic susceptibility is of the order of 10 -3 . Representative plots of the magnetic fabric are shown in Figure 6 . 
CONCLUSIONS
The method of the anisotropy of magnetic susceptibility (AMS) can be successfully applied to a variety of volcanic formations allowing us to reach meaningful conclusions about their emplacement mechanism and flow direction. Thus, numerous studies have been carried out worldwide in dykes and sills, lava flows, pyroclastic flows and ignimbrites. Recently, the method has been used in petrofabric studies of Greek volcanic rocks. Published and new data from Aegina, Almopia, Elatia, Gavra, Kos, Patmos, Samos, Samothraki and Santorini are presented. In the majority of cases the magnetic fabric was well-defined, with low anisotropy degree and quite high susceptibility values. The shape of the AMS ellipsoid was predominantly oblate.
